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Ultramicroelectrode now plays a significant role in the study of the mechanism and 
kinetics of fast electron transfer under the steady-state condition because of the 
existence of high mass transport. On the other hand, excess electrolyte is necessary in 
order to keep electroneutrality. But electrolyte often makes the reactions complicated 
because of the electric neutrality step. Fortunately microelectrode techniques can afford 
to measure current voltage curves without electrolyte. However, the experimental data 
reported are not consistent, and vary from researchers to researchers. The wide variation 
by microelectrode techniques may be ascribed to instability or an irreproducibility of 
microelectrodes, delay of a potentiostat at fast measurements, uncompensated resistance, 
and/or participation of capacitive currents. A strategy of overcoming these 
complications is to establish a commonly available fabrication technique. So the aim of 
this thesis deals with fabrication of a number of endurable nanoelectrodes at high 
success rate with minimal artifacts Thus the fabricated electrodes are applied to fast 
electron transfer kinetics and electrode reaction in low ionic strength solutions under the 
steady-state condition. Consequently, the microelectrodes are predicted to provide 
reliable electrokinetic data. 
    Introduction of this thesis is devoted to the overview, properties and fabrication of 
nanoelectrodes. The experimental procedures are described in chapter 2. The following 
chapters are devoted to fabrication of glass-coated nanoelectrodes (Chapter 3), fast 
electron transfer reactions by steady-state microelectrode techniques and fast scan 
voltammetry (Chapter 4), and voltammetry of two-electron transfer reaction in low ionic 
strength solutions (Chapter 5), Conclusion is given in Chapter 6. 
    Chapter 3 deals with fabrication of glass-coated electrodes with nano- and 
micrometer size by means of dissolution with HF. A key of the process was to make a 
thin glass film on the Pt tip and to expose the Pt surface by HF dissolving. 50 electrodes 
thus fabricated had diameters ranging from 1 nm to 5 μm, estimated from the 
steady-state current of diffusion-controlled current of ferrocene in acetonitrile and 
 III 
ferrocenyl derivative in aqueous solution. They exhibited reproducible and stable 
voltammograms without hysteresis, withstanding 6 hours' continuous use and 15 hours' 
iterative processes of heat and voltammetry. 
    Chapter 4 is devoted to fast electron transfer reaction by steady-state 
microelectrode. Rate constants of fast electron transfer reactions of six species, which 
have been determined equivocally by fast voltammetry, are attempted to be evaluated 
with steady-state voltammetric measurements at ultramicroelectrodes. This work is 
motivated by the experimental feasibility of high current density at ultramicroelectrodes 
without effects of capacitive currents or solution resistance. By increasing mass 
transport, electron transfer becomes the rate determining step, and then potential shift 
will be found. Unfortunately no potential shift is observed. This fact implies that the rate 
constants are at least larger than 10 cm s
-1
. Fast voltammetry is carried out at a large 
electrode for scan rates less than 10 V s
-1
. Peak-to-peak potentials become larger with an 
increase in the scan rates. This variation is fitted to the mass transport equation 
complicated by the electrode kinetics for the rate constant of 0.017 cm s
-1
. The 
inconsistency between the two methods is ascribed to solution resistance at fast scan 
voltammetry. 
    Chapter 5 deals with electrode reaction without supporting electrolyte. 
1,4-Benzoquinone (BQ) and tetracyanoquinodimethane (TCNQ), which are reduced 
consecutively to mono-anions and dianions under conventionally voltammetric 
conditions, cannot be reduced up to the dianions without supporting electrolyte in 
acetonitrile solution. Voltammograms without supporting electrolyte at microelectrodes 
with the diameters less than 0.4 μm do not include noticeably IR-drop. With an increase 
in the conductivity of the solution by addition of electrolyte, the second reduction wave 
appears, involving the potential shift. The electrolyte does not influence the first 
reduction waves but varies the second one. The salt effect specific to the second wave is 
ascribed to non-stoichiometric association of the redox anion with the salt cation. 
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    Miniaturization of electrodes has broken through several experimental limitations 
of electrochemical measurements to provide considerable new information, both 
fundamental and applied. Electrochemistry at nanoscale focuses on new electrochemical 
phenomena, properties, and technological capabilities essential to downscaling the 
electrochemical probes to nanometer dimensions, as well as attractive properties of new 
nanoscaled electrode materials. Investigations of the nanoscale electrochemistry have 
provided unique information which could be unattainable by use of traditional methods. 
For instance, microelectrode techniques can be applied to determination of fast 
electron-transfer kinetics which is often too difficult to be obtained with conventional 
methods. With decreasing dimensions of electrodes to submicrometer, current-potential 
curves could be accurately measured even in solutions with high resistant owing to 
eliminating the ohmic drops. The metal electrodes with nanometer dimensions show 
wide-range in application, which have been primarily motivated by a fundamental 
interest in fast electron-transfer kinetics and mass-transport mechanisms within 
nanoscale domains [1,2], as well as by analytical applications as probes in scanning 
probe microscopy, e.g., scanning tunneling microscopy (STM) and scanning 
electrochemical microscopy (SECM) [ 3 ]. Metal electrodes with characteristic 
dimensions reaching below 10 nm have been reported by several laboratories during the 
past 15 years[4] and applied in a wide range of studies, including investigations of the 
influence of the electrical double layer on molecular transport and kinetics, 
measurement of fast electron-transfer rates not accessible using larger electrodes, 
single-molecule detection, and high-resolution electrochemical imaging[5-9]. 
    Typical electrochemical reactions take place at the interface of an electronic 
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conductor (an electrode) and an ionic conductor (an electrolyte). These reactions 
involve electron transfer between the electrode and electroactive species in solutions 
[10]. Since the region of the solution subjected to the diffusion processes, a diffusion 
layer, grows with time and varies potential to be observed [11]. In order to obtain 
reproducible data, it is necessary to establish a steady state system. The steady-state 
currents provide reliable information of electrochemical kinetics and diffusion processes. 
The well-known example in such system is the microelectrode technique. 
 
1.2 Nanoelectrode and its fabrication techniques 
Metal electrodes with extremely small dimensions were developed independently 
by Wightmann and Fleischmann around 1980 [12]. One of the most exciting and 
promising is the employment of microelectrodes based on well-established principles of 
measurements [ 13 ]. They are powerful and inevitable tools for submesoscope 
measurements in physiology, neurology, medicine, microbial ecology, and 
environmental studies [14-18], both fundamental and applied in modern time. There is 
now a popular belief that a microelectrode has dimensions of tens of micrometers or 
less, downscale to submicrometer range, such as with the recently fabricated carbon 
multi-wall nanotube electrode which is ca. 100 nm in diameter[19]. Microelectrodes of 
various geometries have been fabricated mechanically or lithographically [20-24]. In 
addition to single electrodes, microelectrode arrays have been constructed and applied 
in wide range. It should also be noted that microelectrodes (also commonly called 
ultramicroelectrodes) have already been the subject of a number of reviews and 
monographs [25-34]. 
    It is wide believed that miniaturization and stabilization are the development trends 
of microelectrodes, which lead to the rapid development of the techniques in fabrication 
of electrochemical microelectrodes [35]. The main obstacle in microelectrodes is the 
difficulty in fabricating electrodes of well-defined geometry. The promising methods 
recently reported by other laboratories for making electrodes of nanometer dimensions 
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are based on the electrophoretic coating of sharpened metal wires such as the platinum 
wires (Pt) to produce cone or hemispherical electrodes and the drawing of glass-encased 
Pt wires [36-41].This method yields electrodes with dimensions as small as a few 
nanometers, but only electrodes of dimensions of >50 nm have been directly evaluated 
by scanning electron microscopy. Electrode size is generally obtained by the 
measurement of the steady-state limiting currents corresponding to oxidation or 
reduction of a dissolved redox species, although this method requires assumption of 
electrode geometry. Mirkin et al. have shown that steady-state approach curves 
measured in SECM experiments are sensitive to the electrode shape and thus can be 
used to evaluate electrode geometry[42]. 
The single nano-electrode has been fabricated by coating a thin metal wire with 
insulating films such as cathodic electrophoretic paint [43], by etching electrode tips by 
a flame [44,45] and electrochemical dissolution [46,47], by microelectromechanical 
systems technologies [48], and by deposition of metals [49]. This method limits the 
electrode dimension to a few microns, due to the problems associated with handling of 
such thin films. 
    Cathodic electrophoretic paint has been employed to insulate electrodes [50,51]. 
Electrophoretic paint was developed by the Ford Motor Company in the 1950s as a 
protective coating for car bodies and has been used widely for this purpose since the 
1970s. In the early 1990s scientists exploited it as an insulator for STM tips [52,53]. Its 
advantage stems mainly from the robust coat. Cathodic electrophoretic paint can be 
coated onto metal wires by electrode position and heat cured to provide high insulation. 
During heat curing, the cathodic electrophoretic paint shrinks, leaving a conductive 
apex exposed. Unfortunately, it is hard to control the curing process to give a conductive 
tip with consistent dimensions and geometry. Also the curing process, which is intended 
to make only the apex conductive, often leaves pinholes on the electrode body. It is hard 
therefore to ensure that there are no conductive pinholes on the body of the electrode 
while leaving the apex conductive. The above disadvantages make this heat curing 
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approach inefficient for the fabrication of probes. In our experiences, several coats of 
paint are needed to eliminate pinholes from the body of the electrode, which adds to the 
difficulty in accomplishing an electrode with a conductive tip. The production rate of 
good electrodes through the heat curing method is low (no better than ~20% success 
rate). 
    Although conventional techniques have already been established and surveyed 
[54,55], a number of inherent disadvantages still have been found, such as low success 
rate, poor reproducibility, fragility, temperature and moisture-dependence, degradation 
of reversibility, and a short life. An alternated method has been attained by coating the 
electrode tips with glass [56-58] rather than with insulated polymer films, because of 
low thermal expansion coefficient of glasses, rigidity, and low degree of swelling. 
Unfortunately, it is not easy to control polishing a glass-sealed tip until predicted size of 
an active electrode is exposed. A strategy of the control is to monitor a degree of the 
exposure by dc current flowing through solution resistance between the electrode tips to 
a counter electrode [59]. The key point is to stop the polishing immediately before the 
dc-current begins to flow. However, the Faradaic current by the high dc-voltage is 
caused by decomposition of water and salt to destruct the sealing and/or the active part, 
as we have often experienced damage of electrodes by applying such high voltage as 
salt or solvent is decomposed. Use of ac-voltage with small amplitude would not only 
keep off the damage but also leave behind a thin glass film on the electrode before 
exposing the metal. The thin glass film would be removed partially by chemical etching 
by hydrofluoric acid. Compared to the conventional film coated microelectrodes, the 
one coated by glasses have several merits because they are reproducible and exhibited 
stable voltammograms, and high success rate with a long life. However, it is not easy to 
control polishing a glass-sealed tip until predicted size of an active electrode is exposed. 
The strategy of the control is to monitor a degree of the exposure by use of ac-voltage 
with small amplitude. Therefore, it would not only keep off the damage but also easy to 
control the size in such a microelectrodes [60]. Furthermore, a wide range of materials 
Chapter 1 Introduction 
 
５ 
can be utilized to suit the intended application. 
   
1.3 Properties of nanoelectrodes  
    We generally speak of ultramicroelectrodes when the expansion of the inherently 
small diffusion layer on the time scale of the measurement is larger than the 
characteristic dimensions of the electrode. In the case of the frequently applied disk 
electrodes such a characteristic dimension is its radius or diameter. Its properties, such 
as mass transport regime, are a function of dimensions. It becomes clear for us that, in 
practice, the critical dimension will generally fall in the range 0.1 to 50 μm. The 









 used in most electroanalytical experiments [ 62 ].Usually, the principal 
consequences of the properties of microelectrodes are as follows: 
 A steady state or quasi- steady state current is attained very rapidly even in a 
quiescent solution. 
 The faradaic-to-charging current ratio, IF/IC, is improved, as the charging 
current becomes small in proportion to decreasing area of the electrode, while 
the steady-state faraday current is proportional to its characteristic dimension. 
Therefore, the IF/IC ratio increases with the reciprocal of the characteristic 
dimension. 
 The negatively ohmic drop, iR, is sharply decreased as the currents of 
measurement are very small. 
 The applied potential can afford to very rapid scanning owing to suppression of 
the charging current. 
 The S/N ratio is greatly improved as an individual microelectrode performs 
under steady-state conditions or the diffusion layers cause the overlap with the 
neighboring diffusion layers in an array of microelectrodes. 
 With microelectrode arrays used for measurements in flowing liquids, the 
amperometric signal (i.e., the current intensity) is enhanced not only through the 
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above effects, but also by replenishment of the electroactive substance in the 
diffusion layer during the solution passage over the gaps between the 
electrodes. 
 Interactions between the individual electrodes in the microelectrode arrays 
permit regeneration of the electroactive substance through redox cycling and 
derivation of substrates to obtain products of desired properties. 
 Small size of the electrodes permits measurements on very limited solution 
volumes.  
Because of their specific properties along with their study nature, metal microelectrodes 
are often used to study micro-scale environments and to measure concentrations and 
profiles of parameters. Thus metal microelectrodes have been used to investigate rapid 
electron transfer and coupled chemical reactions, to study electrode reactions in low 
conductivity solvents and media without deliberately added electrolyte, to probe the 
mechanism of electrode reactions under conditions close to those prevailing in 
electrochemical researches[63-66]. 
    The electrochemical study of microelectrodes and electrode arrays is important 
from the characterization as well as possible application perspective. Around the time 
that interest in fabrication and evaluation of nanoscale electrodes started, around a 
decade and a half ago [67,68], imaging technology was not capable of allowing the 
experimenter to ‘‘see’’ the microelectrode which had been prepared. It was not possible 
to see the tips of such electrodes by using microscope, thus the electrochemical 
response was used to infer the dimensions of the surface. The investigators were thus 
dependent totally on the electrochemical signal which was obtained and how that was 
related to the electrode dimensions, typically the radius. Due to the small sizes of the 
microelectrodes, they exhibit a fast (three-dimensional) diffusion field and produce 
steady-state voltammograms (i.e. sigmoidal shape). This voltammogram shape is 
independent on the microelectrode geometry. Generally the microelectrode critical 
parameter, radius of the disc for example, is extracted by applying a suitable model for 
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the steady-state current. Based on the fabrication procedures discussed above for 
preparation of individual microelectrodes, the electrodes which are prepared by the 
etching/partial insulation approach produce micro cones and have been approximated by 
the hemisphere model.  
    Watkins et al.[69] proposed that the electrode surface areas for these very small 
devices can be assessed by measurement of the charge associated with the oxidation of a 
known quantity of the species bis(2,2’-bipyridine)chloro(4,4’-trimethylenedipyridine)- 
osmium(II) previously adsorbed to the nanoelectrode surface. This method is based on 
the known monolayer saturation surface coverage of the adsorbate and its oxidation 
reaction. Measurement of the charge for that reaction then enables calculation of the real 
electroactive surface area. It was found that this method was in agreement with radii 
obtained by steady state voltammetry assuming a hemispherical electrode. Deviations 
from this agreement were indicative of non-ideal electrode geometry. 
    The steady-state voltammetric characterization of nanoelectrodes is carried out 
with a redox-active species known to have fast electrode kinetics. For example, 
ferrocene in non-aqueous media, hexamminoruthenium(III) or hexacyanoferrate(III/II) 
in aqueous media have been used, with an excess of supporting electrolyte in all cases. 
    The study of electrochemical reaction mechanisms and kinetics makes primary use 
of the decreased resistance and capacitance at microelectrodes  by using of various 
voltammetric techniques with very fast potential scans (up to ca. 106 V/s). It is then 
possible to follow rapid electrode processes as well as chemical reactions accompanying 
electrode charge transfer that involve unstable reactants and/or products. Reference 
electrodes with a high resistance can be used, which permits optimization of the 
reference electrode design from the point of view of suppression of the liquid-junction 
potential and contamination of the test solution with the reference electrode electrolyte 
 
1.4 Aim of this thesis 
    An advantage of the voltammetric behavior at a microelectrode is to exhibit a 
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steady-state current-voltage curve [70-72]. It is due to the existence of a mathematical 
solution for the 3D-diffusional Laplace equation [73] Steady-state voltammetry at 
nano-electrodes allows us to obtain such fast electron transfer kinetic data as not to be 
realized by the conventional fast scan voltammetry. Unfortunately, electron transfer rate 
constants determined at nano-electrodes have varied from researcher to researchers 
[74-78]. They are sometimes consistent or sometimes inconsistent with those at fast 
scan CV [79-81], short pulse [82], ac impedance [83 , and hydrodynamic voltammetry 
[84]. The wide variation of the rate constants may be ascribed to instability or an 
irreproducibility of microelectrodes, delay of a potentiostat at fast measurements, 
uncompensated resistance, and/or participation of capacitive currents. 
    This thesis deals with fabrication of a number of nano-electrodes by combining the 
six steps; (i) etching a Pt wire in ethanol-water mixture, (ii) sealing it with a glass sheath, 
(iii) grinding roughly the glass tip, (iv) polishing the tip while monitoring the capacitive 
ac-current flowing through the glass thin film on the Pt, (v) dissolving the glass film in 
HF solution until a part of Pt was exposed, and (vi) heating the tip at 85
o
C for 
stabilization.. The aim is to fabricate electrochemically endurable nano-electrodes at 
high success rate with minimal artifacts. Dissolution of glass by HF is a classical 
technique for fabrication of single electrodes [85-87], and has been applied to 
sharpening glass-tip arrays by meniscus etching [88]. However, it has not been used for 
fabrication of nano-electrodes yet, to our knowledge. Voltammetric properties at the 
nano-electrodes are then examined. 
    This work is motivated by the experimental feasibility of high current density at 
ultramicroelectrodes without effects of capacitive currents or solution resistance. We are 
concerned about potential shift at nanoeletrodes after eliminating ohmic effect of 
solution. Rate constants of electron transfer reactions can be obtained from the 
difference between a halfwave potential at a microelectrode and that at a small electrode 
[89-95], which can be also determined by fast voltammetry. We describe firstly a kinetic 
correspondence between radii of microelectrodes and scan rates of fast voltammetry, 
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secondly report experimental results by the both methods, and finally mention some 
problems included in fast scan voltammetry. 
    Potential shift is also caused by effect of the IR-drop in low ionic strength solutions 
at microelectrodes. Thus we had to search size of microelectrodes on which 
voltammograms of non-charged redox species can be obtained without potential shift in 
electrolyte-free solution. The size effect including both the IR-drop and the electrostatic 
force is examined by use of the first reduction waves of TCNQ and 1,4-benzoquinone 
(BQ). The result is applied to microelectrode voltammetry of TCNQ and BQ under the 
thus obtained conditions. The voltammograms are compared with the theoretical 
voltammograms including IR-drop and the electric field effect. The complexation with 
salt will be described to be responsible for appearance of the second reduction wave, 
depending on electrolyte concentrations. 
 
    References are supplied at the end of each chapter. 
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Chapter 2                                               
Experimental 
 
2.1. Chemicals  
All the chemicals were of analytical grade. Aqueous ammonia, KOH, HNO3 and 
NaNO2 were purchased from Nakarai, and the others were from Wako. 
Ferrocenylmethyltrimethylammonium perchlorate (FcTMA) was synthesized and 
purified [1]. The experimenters treated hydrofluoric acid in a draft with a tail gas 
scrubber, wearing gas masks and latex gloves. TCNQ and BQ were used as received. 
Commercially available acetonitrile (99.9%, Wako) was dried with molecular sieves of 
3A type. The molecular sieves were washed with tetrahydrofuran and then dried in an 
oven at 300oC for 3 h. Supporting electrolyte used was TBAClO4, which was dried in 
vacuum for 1 day.  
 
2.2. Voltammetry 
Voltammetry was made in the three-electrode cell equipped with a working 
electrode, a Ag|AgCl reference electrode used in aqueous solutions or a Ag|Ag
+
 
reference electrode used in organic solutions, and a platinum coil counter electrode. The 
potentiostat was HECS 972 (Huso, Kawasaki), controlled with a homemade software. 
The electrode was rinsed with solvent before mounted in the cell. Voltammetry of 
TCNQ and BQ in the absence of supporting electrolyte was made in the two-electrode 
cell equipped with a working electrode and a counter electrode of a platinum coil. 
Reference electrodes were not used for voltammetry of TCNA or BQ without 
supporting electrolyte. They were used only for estimation of amounts of leakage ions 
from them. Voltammetry was carried out in deaerated solution in a Faraday cage. 
 
2.3. Fabrication of nanoelectrodes 
A platinum wire 0.03 mm in diameter was twisted around a tungsten wire 0.25 mm in 
diameter 10 times. The twisted part was hardened with electrically conducting resin. 
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The etching conditions previously used were application of ac voltage, 5.0 V of 60 Hz 
for 10 min, in 6 M NaNO2 solution to the Pt wire [2,3]. We found that the addition of 
more amount of ethanol made the wire more sharpened than in the aqueous solution. An 
increase in the amount of ethanol deceased solubility of salt. We used CaCl2 for salt in 
the volume ratio 1/5 of ethanol/water. An example of the wire etched in 3 M CaCl2 
solution is shown in Fig. 1.  
 





 A reason for forming a sharpened wire may be enhancement of natural convection by 
anodic dissolution due to low viscosity of ethanol. The etched tip was rinsed with the 
acid mixture (0.26 M acetic acid + 0.33 M nitric acid + 0.73 M phosphoric acid) for 1 
min. The tip was inserted into a thermally pulled glass capillary 1.1 mm in inner 
diameter. The glass was melted with a flame of a spirit lamp to seal the Pt tip. The 
glass-sealed tip was ground on a rough emery paper until a glass film 0.1 mm thick was 
left behind on the Pt, by checking the tip with a video-microscope, VH-Z450 (Keyence, 
Osaka). SEM photograph was taken with JSM-6701F (JEOL, Tokyo).  
     The polishing-controlled apparatus is illustrated in Fig. 2, in which the Pt tip was 
to be polished on emery paper in 0.1 M KCl solution. The ac voltage with 0.1 V of 1 
kHz was applied between the tip and the platinum coil for a counter electrode. The ac 
current detected with a potentiostat, NPGFZ-2501 (Nikko Keisoku), was amplified with 
a lock-in amplifier, MODEL 5210 (EG&G). The amplified output was recorded through 
a 12-bit AD-convertor, PCI-3521 (Interface), supported with a home-made software to 







Figure 1. Photographs of Pt wires 0.03 mm in diameter, which were tapered in 
the etching solutions of (A) 3 M CaCl2 ethanol-water (v/v 1/5) solution and (B) 
6 M NaNO2 aqueous solution. 
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vs. time curve was being monitored. 
Polishing was stopped at a suitable value 
of the ac current (described in Results). 
The polished tip was immersed in 0.98 M 
HF + 0.46 M NH4OH + 0.79 M HNO3 
solution for a period from 2 to 10 min, 
rinsed with 30 w% KOH solution, rinsed 
with water, and then rinsed with the acid 
mixture (acetic acid + nitric acid + 
phosphoric acid). It was heated at 85
o
C 
for 10 h in an oven in order to remove 
fluosilicate (described in Results section). 





                                                 
[1] K. Aoki, J. Chen, H. Zhang, J. Electroanal. Chem. 610 (2007) 211. 
[2] J. Chen, K. Aoki, Electrochem. Commun. 4 (2002) 24. 
[3] K. Aoki, J. Chen, H. Zhang, J. Electroanal. Chem. 610 (2007) 211. 
Figure 2. Illustration of the apparatus for 
monitoring the ac current during polishing 
the glass-sealed Pt wires. 
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Chapter 3                                              
Fabrication of glass-coated electrodes with nano and micrometer size 
by means of dissolution with HF 
 
3.1. Aim 
An advantage of the voltammetric behavior at a microelectrode is to exhibit a 
steady-state current-voltage curve [1-3]. It is due to the existence of a mathematical 
solution for the 3D-diffusional Laplace equation [4]. The diffusion-controlled limiting 
current for the one-electron exchange reaction at the disk electrode a in radius is simply 
expressed by 
 IL = 4Fc*Da                                           (1) 
where c* is the concentration of redox species, and D is its diffusion coefficient. The 
average current density, jL = (4/)Fc*D/a, is enhanced with a decrease in the electrode 
diameter. On the other hand, the density at a large electrode is enhanced with an 
increase in scan rates, v, by cyclic voltammetry. When the expression for the current 
density is set equal to the equation of the peak current of linear sweep voltammetry (jp = 
0.446Fc*(DvF/RT)
1/2
), the scan rate can be expressed in terms of v = 8.15RTD/Fa
2
. 
Typical values of v for a = 10 m, 100 nm and 1 nm are, respectively, 2.1 V s-1, 21 kV 
s
-1
, 210 MV s
-1








C. Therefore the steady-state voltammetry at 
nano-electrodes allows us to obtain such fast electron transfer kinetic data as not to be 
realized by the conventional fast scan voltammetry. Unfortunately, electron transfer rate 
constants of ferrocenyl compounds determined at nano-electrodes have varied from 
researcher to researchers [ 5 - 9 ]. They are sometimes consistent or sometimes 
inconsistent with those at fast scan CV [77-12], short pulse [13], ac impedance [79], and 
hydrodynamic voltammetry [14]. The wide variation of the rate constants may be 
ascribed to instability or an irreproducibility of microelectrodes, delay of a potentiostat 
at fast measurements, uncompensated resistance, and/or participation of capacitive 
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currents. 
    A single nano-electrode has been fabricated by coating a thin metal wire with 
insulating films such as cathodic electrophoretic paint [15], by etching electrode tips by 
flame [16,17] and electrochemical dissolution [18-,19,20], by laser ablation [21,22], by 
microelectromechanical systems technologies [23], and by deposition of metals [24]. 
Although conventional techniques have already been established and surveyed [25,26], 
a number of inherent disadvantages still have been found, such as low success rate, poor 
reproducibility, fragility, temperature- and moisture-dependence, degradation of 
reversibility, and a short life. A long life has been attained by coating the electrode tips 
with glass [19,27-,28,29,30,31] rather than with polymer films, because of low thermal 
expansion coefficient of glass, rigidity, low degree of swelling, and chemical proof. 
Unfortunately, it is not easy to control polishing a glass-sealed tip until predicted size of 
an active electrode is exposed. A strategy of the control is to monitor a degree of the 
exposure by dc current flowing through solution resistance between the electrode tip to 
a counter electrode [32]. A key is to stop the polishing immediately before the 
dc-current begins to flow. However, the Faradaic current by the high dc-voltage is 
caused by decomposition of water and salt to destruct the sealing and/or the active part, 
as we have often experienced damage of electrodes by applying such high voltage as 
salt or solvent is decomposed. Use of ac-voltage with small amplitude would not only 
keep off the damage but also leave behind a thin glass film on the electrode before 
exposing the metal. The thin glass film would be removed partially by chemical etching 
by hydrofluoric acid. 
    This report deals with fabrication of nano-electrodes by combining the six steps: (i) 
etching a Pt wire in ethanol-water mixture, (ii) sealing it with a glass sheath, (iii) 
grinding roughly the glass tip, (iv) polishing the tip while monitoring the capacitive 
ac-current flowing through the glass thin film on the Pt, (v) dissolving the glass film in 
HF solution until a part of Pt was exposed, and (vi) heating the tip at 85oC for 
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stabilization.. The aim is to fabricate electrochemically endurable nano-electrodes at 
high success rate with minimal artifacts. Dissolution of glass by HF is a classical 
technique for fabrication of single electrodes [33-35], and has been applied to sharpening 
glass-tip arrays by meniscus etching [36]. However, it has not been used for fabrication 
of nano-electrodes yet, to our knowledge. Voltammetric properties at the 
nano-electrodes are examined for ferrocene (Fc) and its derivative. 
 
3.2. Results and discussion 
 
The roughly ground glass-sealed Pt wire was mounted on the polishing apparatus 
in Fig. 2. Ac voltage (0.1 V amplitude at 1 kHz) was applied between the sealed Pt wire 
and the Pt coil, and the responding ac current was monitored with a help of the lock-in 
amplifier. The sealed Pt wire was polished by hand on a fine emery paper which was 
immersed in 1 M KCl solution. As the polishing proceeded at the beginning of t = 0, the 
ac current, Iac, (absolute values) was initially kept constant and then increased suddenly, 
as is shown in Fig. 3. The initial constant value may be caused by a delay or a 
capacitance of the potentiostat. The 
electrode at which polishing was ceased 
before the sudden increase did not show 
any voltammetric current in 0.5 M KCl 
+ 0.5 mM FcTMA solution. The period 
before the sudden increase (43 s in Fig. 
3) varied from electrodes to electrodes, 
depending on thickness of the glass film 
left on the sealed Pt tips. Thicker glass 
films took longer period, judging from 
views of the optical microscope. The 
Figure 3. Time-variation of ac current 
(absolute values) during polishing the 
glass-sealed Pt wire of which images are 
illustrated in (a)-(c) when ac voltage of 0.1 V 
at 1 kHz was applied to the Pt wire in 0.1 M 
KCl solution. 













sudden increase in Iac (at t = 43 s in Fig. 3) suggests initiation of the exposure of an 
active part of the Pt to the solution. 
     It seems reasonable to consider that an active Pt surface is exposed just at the time 
of the sudden increase, as illustrated in Fig. 3(c). We ceased the polishing at a given 
exposure time, txps, after observing the sudden increase, and transferred the electrode to 
the FcTMA solution for voltammetry. The voltammograms were under the steady-state 
without hysteresis. From the limiting current of Eq.(1), we evaluated the radii with the 
help of the value of the diffusion coefficient of FcTMA, D = 6.310-6 cm2 s-1. The 
values of the diameter were plotted against the exposure period in Fig. 4 for 34 
electrodes. Shorter exposure periods decreased the radii. Scattering in the plot was so 
large that the radii could not be controlled by the polishing period. The scattering was 
sensitive neither to fineness of emery paper, kinds of polishing pad with alumina 
powder, pressure of polishing, nor polishing speed, probably because artificial 
manipulation of the hand-polishing influences more strongly on the scattering than these 
factors. Polishing for periods less than 6 s scarcely exposed electroactive part (shown as 
marks X in Fig.4), as illustrated in Fig. 3(b). Our initial aim was to fabricate 
size-controlled electrodes with 2a < 1 
m by adjusting txps, but has not been 
fulfilled in reproducibility.  
     A possible strategy of controlling 
radii of nano-electrodes is to dissolve 
the thin glass film on the Pt tip slowly 
by chemical etching in HF solution. 
When the polishing was stopped within 
txps < 5 s, no active area was exposed (see 
Fig. 4 and Fig. 3(b)). The glass-sealed Pt 
was immersed into the HF solution for the 
Figure 4. Dependence of the radii evaluated 
from the limiting current of FcTMA 
oxidation through Eq.(1) on the exposure 
time, txps. Mark x means zero limiting 
current. 
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period, tHF, of less than 6 min, and then was rinsed with KOH solution and water 
successively. The rinsed tip was used for voltammetry in FcTMA solution in order to 
estimate its diameter. Electrodes treated by 1 min's dissolution were mostly 
electrochemically inactive. The dissolution for tHF = 2 min provided a number of 
electrodes with 2a < 100 nm. Longer dissolution provided larger diameters, as is shown 
in Fig. 5. However, scattering of the radii was too large to be regarded as "a 
size-controlled process". 
    In order to examine 
reproducibility of the 
voltammograms, we iterated 
the following process 
composed of voltammetry of 
FcTMA solution, rinse of the 
electrode with water and 
keeping it in air for an hour. 
The limiting current enhanced 
gradually at each iterative 
process, implying expansion of 
the exposed area. The 
dissolution may be advanced 
even after removal of HF. When dissolution of glass with HF is terminated by alkali 
metal hydroxide, fluorosilicate has generated on the glass surface in gel form, which 
causes slow dissolution of glass [37]. In order to terminate the dissolution completely, 
we attempted to heat the electrodes at several temperatures in an oven for ten hours. We 
found that heating at 85
o
C was able to stabilize the voltammograms. 
     The overall success rate of the fabrication was 76 %, which is a product of the 
success rate 80 % of the process till the polishing for txps and the rate 95 % of the 














Figure 5. Variation of the diameters of the 
electrodes with the period, tHF, during which the 
glass film of the glass-sealed Pt wire was dissolved 
in 0.98 M HF + 0.46 M NH4OH + 0.79M HNO3 
solution. The arrow means the presence of 
unexposed Pt. 
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heating. Since the key process of the exposure is due to the chemical dissolution of the 
glass, the fabrication includes little artifact manipulation. At this state, the electrode size 
has not been known. The accurate size has to be evaluated by voltammetric limiting 
currents, as described in the next section. However, it is desirable to predict at least the 
order of diameters, immediately after the fabrication. By comparing the accurate values 
by voltammetry with the combination of txps and tHF, we found empirically that the order 
of the diameters could be estimated at the end of the fabrication so far as 2a > 1 m. We 
have examined this fabrication technique to gold wire successfully. 
     Figure 6 shows two examples of the voltammograms of (a) Fc in 
tetraethylammonium tetrafluoroborate (TEABF4) included acetonitrile and (b) FcTMA 
in KCl aqueous solution. The glass-coating allowed us to carry out voltammetry both in 
aqueous solution and aprotic solution. Even if the electrode was transferred alternatively 
between the acetonitrile solution and the aqueous solution, every two voltammograms 
were overlapped. The voltammograms were not only sigmoid under the steady state 
without hysteresis but also reproducible at iterative scans. The background oxidation 
Figure 6. Voltammogram of (a) 5.34 mM Fc in 0.5 M TEABF4 acetonitrile solution 
and (b) that of 2.11 mM FcTMA in 0.1 M KCl aqueous solution at v = 10 mV s-1. 
Diameters of the electrodes calculated from the limiting currents are (a) 4.7 nm and 
(b) 2.8 nm. 
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currents in Fig. 6 are due to insufficient non-zero adjustment of the potentiostat. 
Diameters of these electrodes evaluated from the limiting currents, the concentrations 
and the diffusion coefficients through Eq.(1) are 2a = (a) 4.7 nm at D = 1.710-5 cm2 s-1 
in acetonitrile and (b) 2.8 nm at D = 6.310-6 cm2 s-1. 
   Geometry of the most electrodes was uncertain because of the difficulty in 
identification of the electrode surface by SEM. However, we estimated the size from Eq. 
(1) on the assumption of disk-shape. The other available model geometry is a 
hemisphere a in radius, of which diffusion-controlled current is given by (IL)hs = 
2Fc*Da. The radius evaluated from the current through this equation is smaller by /2 
( 1.5) times than the value obtained from Eq. (1). Since we are aiming at 
demonstrating a negligible effect of the electron transfer rate constant on the electrode 
size, the difference of the 1.5 times is within errors. 
    The stabilization of the electrodes was examined by multi-scan voltammetry for 
the continuous measurements and the intermittent voltammetry at each hour during 
which the electrode was dried and heated. Multi-scan voltammograms at v = 10 mV s
-1
 
showed no distortion of the waveform or no potential shift for 6 h. Figure 7A shows 
Figure 7. Time-variations of the limiting currents of (circles) 2.11 mM FcTMA in 0.1 
M KCl aqueous solution nd (tri ngles) 5.34 mM in in 0.5 M TEABF4 acetonitrile 
solution in the (A) multi-scan voltammetry and (B) intermittent voltammetry at v = 
10 mV s-1.  
from the averaged values of the limiting currents. 
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variation of the limiting currents of FcTMA at iterative scans. The currents have no 
systematic time-variation, of which value is smaller than the standard deviation (0.20 
pA). Thus, neither contamination of the electrode nor expansion of the active area 
occurred. The conditions of the intermittent voltammetry included three-scan 
voltammetry  rinse  drying at 50oC for 15 min  being kept in air for 40 min or 
longer. All the voltammograms had no hysteresis. The limiting currents were plotted 
against the lapse of the process in Fig. 7B, showing no systematic variation for 16 h 
both in aqueous and acetonitrile solutions. The scattering in Fig. 7B is larger than that in 
Fig. 7A because the former involved the heating. 
    Available models of diffusion-controlled currents and electrode kinetics at 
microelectrodes are for a disk and a hemispherical electrode. In order to determine 
which model is suitable for the fabricated electrodes, we tried to obtain SEM images of 
the surface of microelectrodes, from which their geometry and diameter could be 
evaluated. After getting sufficient amounts voltammetric data at a given electrode, we 
cut the tip of the electrode by 8 mm, keeping the tungsten lead exposed to the other end. 
The tip was mounted up in a hole of stainless steel block so that the tungsten lead came 
in electrical contact with the block. Various SEM images were recorded by varying 
voltage, magnification, and tilt of the electrode tip. We found many white dots and black 
dots on the glass surface although there was only one exposed electrode. There were 
some dots of which diameters were close to the diameter evaluated from the 
voltammetry. A key is identification of the electrode surface. We attempted to identify 
an electrode more than 5 m in diameter by the optical microscope. Photographs by the 
reflection optical microscope showed many white dots, one of which should be a true 
electrode because the incident light is reflected strongly on the Pt surface. On the hands, 
those by transmission optical microscope showed also many black dots, one of which 
should be a true electrode because the incident light should be blocked by the Pt. We 
overlapped the two photographs, and regarded dots with logical AND between the black 
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and the white dots as a true electrode. However, there were more than one dots, of 
which coordinates on the photograph were recorded. The electrode was transferred to 
the SEM. All the portions at the recorded coordinates looked black dots with low 
magnification and high accelerating 
voltage. As the voltage decreased, one of 
the black dots was found to be composed 
of two concentric circles, a large grey dot 
and a small black dot. Since size of the 
large one varied with magnification and the 
voltage, it should be a virtual image. The 
central small one was kept in size by 
change in the voltage, which should be a 
true electrode, as is shown in Fig. 8. We confirmed that there was only one dot on the tip 
surface that had the above properties. When curve fitting for a circle was applied to the 
photograph, the diameter was slightly smaller than the value obtained from the limiting 
current. The above technique was valid only for electrodes more than 2 m in diameter 
because of the restriction of the performance of the optical microscope.  
    In order to demonstrate the quality of the steady-state voltammograms, we plotted 
values of log[I/(IL - I)] against E in Fig. 9 for FcTMA and Fc. Both plots fell on each 
line for 0.1 < I/IL < 10. Values of the inverse slopes in Fig. 9 were 63 mV and 59 mV, 
respectively, for FcTMA at a = 99 nm and Fc at a = 2.4 nm. The other electrodes also 
showed linear log-plots, of which inverse slopes were fluctuated from 55 mV to 75 mV.  
    A feature of the steady-state voltammograms is the halfwave potential, E1/2. It was 
read at each voltammogram within 1 mV hysteresis errors. The values were plotted in 
Fig. 10 against the logarithmic radii evaluated from the limiting currents for FcTMA 
(circles) and Fc (triangles), where some electrodes were used commonly to FcTMA and 
Fc. The halfwave potentials of both FcTMA and Fc were independent of the radii over 
Figure 8. SEM photograph of the exposed 
Pt electrode from the glass insulator. 
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the range of a > 1 nm, showing the average values, E1/2(FcTMA) = 0.404  0.025 V and 
E1/2(Fc) = 0.056  0.004 V, where the errors denote the standard deviations. The larger 
standard deviation for the aqueous solution may be associated with higher possibility of 
broadening voltammograms, or of including capacitive current. The average current 
density at the smallest electrode (2a = 1.1 nm) was 2.3103 A cm-2, which corresponds 
to the scan rate, 450 M V s
-1
 at a large electrode, according to the discussion in 
Introduction. It is dangerous at present to discuss a reason why the high current density 
exhibited no potential shift by electron transfer rates, because nano-materials often 
activate reaction rates. 
 
3.3. Conclusion 
    Reproducible fabrication of nano-electrodes has been realized by the six steps: 
(i) sharpening in 3 M CaCl2 ethanol|water solution (1:5 ratio) by electrochemical 
etching 
(ii) sealing the Pt wire in glass sheath 


















Figure 9. Log plots, log[I/(IL - I)], vs. 
potentials of voltammograms for FcTMA 
(circles) at a = 99 nm and Fc (triangles) 
at a = 2.4 nm. 
Figure 10. Dependence of the halfwave 
potential of FcTMA (circles on the right 
axis) and Fc (triangles on the left axis) on 
the logarithmic radii of the electrodes. 
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(iv) polishing the tip while monitoring the ac current for txps < 6 s 
(v) dissolution of glass film in HF for tHF  4 min 
(vi) stabilization by heating at 85
o
C for 10 h 
Although the polishing period for txps < 6 s was predicted to be a predominant 
size-determining variable, it included artificial manipulation. Step (iv) generated such a 
glass thin film as to be dissolved slowly with HF. The actual exposure was realized by 
step (v). Although combination of steps (iv) and (v) failed to control diameters of the 
electrodes, electrodes with 2a < 1 m were able to be fabricated at success rate 76 %. 
Consequently, we could obtain a number of nano-electrodes. 
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Chapter 4                                              
Heterogeneous reaction rate constants by steady-state microelectrode 
techniques and fast scan voltammetry 
 
4.1. Aim 
An advantage of the voltammetric behavior at a microelectrode is to exhibit a 
steady-state current-voltage curve when the current is controlled by diffusion of 
electroactive species [1-3]. It is due to the existence of a mathematical solution for the 
3D-diffusional Laplace equation [4]. The diffusion-controlled limiting current for the 
one-electron exchange reaction at the inlaid disk electrode a in radius is expressed by 
[5] 
 IL = 4Fc*Da                                           (1) 
where c* is the concentration of redox species, and D is its diffusion coefficient. The 
average current density, jL = (4/)Fc*D/a, is enhanced with a decrease in the electrode 
diameter. On the other hand, the current density at a large electrode is enhanced with an 
increase in scan rates, v, by cyclic voltammetry. When the expression for the current 
density at the microelectrode is set equal to the equation for the peak current density by 
linear sweep voltammetry (jp = 0.446Fc*(DvF/RT)
1/2
), the relation between the scan rate 
and the radius is expressed by 
v = 8.15RTD/Fa
2
                                         (2) 
Typical values of v for a = 10 m, 100 nm and 1 nm are, respectively, 2.1 V s-1, 21 kV 
s
-1
, 210 MV s
-1








C. Therefore the steady-state voltammetry at 
nano-electrodes allows us to obtain such fast electron transfer kinetic data as not to be 
realized by the conventional fast scan voltammetry. However, it is dangerous to deduce 
simply the heterogeneous kinetic behavior from the diffusion process, because the 
heterogeneous reaction occurs at electrode surfaces rather than in the diffusion layer. 
This question will be discussed in this report. 
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    Experimental data on the rate constants have not yet supported the prediction of the 
correspondence between the microelectrode techniques and fast scan voltammetry. 
Electron transfer rate constants of ferrocenyl compounds determined at nano-electrodes 
have varied from researchers to researchers [6-10]. They are sometimes consistent or 
sometimes inconsistent with those by fast scan voltammetry [77-13], short pulse 
methods [14], ac impedance methods [79,15-17], and hydrodynamic voltammetry [18]. 
The other technique is scanning electrochemical microscope by varying distance 
between two electrodes [10,19-21].  The wide variation of the rate constants by 
microelectrode techniques is ascribed to unstable or irreproducible current-potential 
curves and inaccurate analysis of evaluating the constant. As for the analysis, there are 
two methods of evaluating the rates constants. One is to obtain the difference between a 
halfwave potential at a microelectrode and that at a small electrode [22-29]. The other is 
to simulate the current-potential waveform which is deviated from the Nernstian curve 
[19,30-33]. In either case, a microelectrode provides only one steady-state current in a 
given solution or one value of the rate constant, in contrast to fast scan voltammetry by 
varying scan rates in a wide domain. If a current-potential curve deviates accidentally 
from the Nernstian curve by adsorption, the reversible reaction would be judged 
wrongly as irreversible one. This is a disadvantage of microelectrode techniques in 
comparison with easy variations of scan rates at a large electrode. In order to determine 
a rate constant unequivocally, it is necessary to obtain many current-potential curves at 
different sizes of microelectrodes, just as measurements of peak potentials at various 
scan rates. A key lies in easy fabrication of various sizes of microelectrodes. 
    Although some fabrication techniques have already been reported and surveyed 
[34,35], inherent problems have not yet been solved, such as low success rate, poor 
reproducibility, fragility, temperature- and moisture-dependence, degradation of 
reversibility, and a short life. A long life has been attained by coating the electrode tips 
with glass [74,36-40] rather than with polymer films. This technique results from low 





thermal expansion coefficient of glass, rigidity, low degree of swelling, and chemical 
proof. Our successful fabrication technique is to polish a glass-coated thin platinum 
wire by monitoring ac-current between the electrode tip and a counter electrode [91,41].  
    This report deals with comparison of steady-state voltammograms at various sized 
microelectrodes with fast scan voltammograms at a large electrode for the six redox 
species of which rate constants are reported to be quasi-reversible. Our aim is to point 
out difference between steady-state voltammetry and fast scan voltammetry from 
experimental results. We describe firstly a kinetic correspondence between radii of 
microelectrodes and scan rates of fast voltammetry, secondly report experimental results 
by the both methods, and finally mention some problems included in fast scan 
voltammetry. 
 
4.2. Results and discussion 
 
4.2.1. Theoretical comparison between microelectrode voltammograms and fast scan 
voltammograms 
 
    We here discuss a kinetic relationship between microelectrode voltammetry and 
fast scan voltammetry at a large electrode. The variables relevant to kinetic 
current-potential curves are the radius, a, of the microdisk electrode, potential scan rates, 
v, the standard electron transfer rate constant, k
o
, and the anodic transfer coefficient, , 
in the Butler-Volmer kinetic equation. The current-potential curve at the microdisk 
electrode has been given approximately by [90,42] 
              (3) 
                            
where 
)e1(e)/( -  Dak   
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v (a) (b) (c)
RTFEE /)(   
The dimensionless kinetic variable is k
o
a/D. In contrast, linear sweep voltammograms 
were calculated numerically by solving the integral equation by Matsuda [43] with the 






. We calculated voltammograms from Eq. 
(3) for three values of k
o






, where v 
was replaced by 8.15RTD/Fa
2
 through Eq. (2). Figure 1 shows voltammograms 
normalized by IL or the 
reversible peak current, Ip,rev. 
The voltammograms are 
shifted to the positive 
potential with a decrease in 
values of k
o
, associated with 
the broadening.  
    Characteristics of 
voltammograms are the 
halfwave potential, Eh, for the 
steady-state wave and the 
peak potential, Ep, for the fast 
scan voltammogram. The 
amount of the shift of Eh is 
close to that of Ep. with the decrease in k
o
. For sufficiently small values of k
o
 or for the 
totally irreversible reaction, we obtain for Eh    akDFRTEE  /38.1ln/h                         
(4) 
In contrast, Ep for the totally irreversible case is expressed by [43] 
                    (5) 
 



















Figure 1. Theoretical linear sweep voltammograms at a 
microelectrode under the steady state (solid) and a 
large electrode by fast scans (dashed curves) for α = 0.5 
and koa/D = ko (8.15RT/FDv)1/2 = (a) 10, (b) 1.0 and (c) 
0.1. 
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v = 0.4 RTD/Fa2                                    (6) 
This is smaller by 20 times smaller than Eq. (3). In other word, the effect of the scan 
rate on the heterogeneous kinetics appears more sensitively (by ca. 10 times) than that 
on the diffusion-controlled current. Then the kinetic correspondence of v at a = 10 m, 
100 nm and 1 nm is, respectively, 0.21 V s
-1
, 2.1 kV s
-1
, 21 MV s
-1










    In order to see clearly the difference between Eh and Ep, we evaluated Eh and Ep for 










 at  = 0.5 when a was replaced 
by v through Eq. (2). Plot of Ep against Eh falls on a line for Eh - E
o
 > 0.05 V, as shown 
in Fig. 2. The slope of the line is 
unity. When values of k
o
a/D increase, 
the plot in the quasi-reversible 
potential domain, Eh - E
o
 < 0.05 V, 
varies complicatedly to reach Eh = 
E
o
 and Ep = 59 mV+ E
o
.  
    Behavior at microdisk 
electrodes is often analyzed 
approximately with that at a 
microhemispherical electrode. We 
compare kinetic correspondence 
between the microdisk electrode and 
a hemispherical electrode. Diffusion controlled limiting current at the hemispherical 
electrode ahs in radius is given by IL,hs = 2Fc*Dahs. Equating it to Eq. (1) yields ahs = 
0.64a. On the other hand, the halfwave potential under the heterogeneous kinetic control 
at the hemispherical electrode is given by  
   hshsh, /ln/ akDFRTEE                       (7) 
Comparison of Eq. (7) with Eq. (4) yields ahs = 0.72a. It is close to the 
Figure 2. Calculated relationship between the 
halfwave potential, Eh, of the steady-state 
voltammogram at a microelectrode and the peak 
potential, Ep, of fast scan voltammetry at a large 
electrode for α = 0.5. 































diffusion-controlled value.  
We use the method of evaluating the rate constants from the dependence of 
halfwave potentials on the electrode radii. The other possible method is to use the slope 
of the steady-state current-potential curve at the half-wave potential. Since the 
current-potential curve at a disk electrode is almost the same as that at a hemispherical 
electrode, we obtain the expression for the slope at hemispherical electrode. From Eq. 
(11) in reference 23, the inverse slope for  = 0.5 is expressed by 
 
    (8) 
 
 
The value of Eslope for the Nernstian response is 4RT/F = 102.6 mV at 25
o
C. We plotted 
variations of Eslope against Eh in Fig. 3, where the halfwave potential is related with 
k
o
a/D through D/ k
o
a = 2sinh[(F(Eh - E
o
)/2RT]. The tangent line of Eslope at Eh = E
o
 is 
                               (9) 
 
Since variation of Eslope with k
o
 is twice 
that of Eh, evaluation of k
o
 from Eslope 
seems to be more sensitive than from Eh. 
However, values of Eslope may include 
errors larger than those of Eh, because 
not only of differential values of the 
current-potential curves but also of large 




 EEFRTE  hslope 2/4




























Figure 3. Variation of Eslope with the halfwave 
potential, calculated from Eq. (8). The relation 
between koa/D with the halfwave potential is 
given on the right axis. The dashed line is for 
Eq. (9). 




4.2.2 Experimental fast scan and steady state voltammograms 
 
    We confirmed that voltammograms were independent of durations of polishing 
electrode surfaces and immersion of electrodes into acid. The radii of the electrodes 
were evaluated from the limiting currents of FcTMA in aqueous solutions and ferrocene 
in acetonitrile solutions through Eq. (1), where the value of the diffusion coefficients of 
FcTMA and ferrocene were 0.6310-5 cm2 s-1 and 1.5510-5 cm2 s-1, respectively. 
Values of the radii thus determined represent the ones averaged through spherical 
diffusion even if an electrode is deformed from a disk or has a rough surface. The 
limiting current at an elliptic surface has been demonstrated to be the same as that 
obtained at the disk electrode of which area is the same as the ellipse [44]. The 
geometrical radii estimated by SEM were larger than those by the limiting current when 
the diameters were less than 5 m. However, the difference will be insignificant in the 
conclusion of this report. 
    We selected tetracyanoquinodimethan (TCNQ), ferrocenecarboxylic acid, 
hexaammineruthenium chloride, and hexachlorideiridium as electroactive species with 
fast charge transfer reaction rate constants. Voltammetry of the first two was made in 
acetonitrile, whereas that of the latter two was in water. Steady-state currents with 
pico-ampere have been observed without extremely meticulous techniques, partly 
because a huge number of current values are averaged and partly because capacitive 
currents are suppressed. This advantage is, however, liable to be disturbed by 
deterioration of electrode surfaces by adsorption owing to long time measurements. In 
order to estimate a degree of blocking of the current, we used ferrocene in acetonitrile 
solutions and FcTMA in aqueous solutions as probes of monitoring diffusion-controlled 
currents and halfwave potentials. Some microelectrodes showed hysteretic 
voltammograms ascribed to the charging current. When the charging current, which was 






















obtained in the blank solution, was subtracted from the voltammograms, the current at 






    Figure 4(A) shows voltammograms of the Ru(NH3)6
3+
 + FcTMA aqueous solution 
at microelectrodes with several diameters. The wave with the halfwave potentials at 
-0.17 V is caused by the reduction of Ru(NH3)6
3+
, while that at 0.41 V is by the 
oxidation of FcTMA. The waves except (not shown) at the largest electrode (2a = 0.1 
mm) were sufficiently under the steady state, i.e., the current at the forward scan 
overlapping with that at the backward scan. Several iterative scans did not alter the 
voltammograms. The ratio of the limiting current of Ru(NH3)6
3+
 to that of FcTMA was 
plotted against the calculated radii of the electrodes in Fig. 5 (filled triangles). It is 
independent of the radii, indicating that the current was not blocked with adsorbed 
layers caused by high current density. The ratio 0.90 was close to the concentration ratio, 
0.89.  
Figure 4. Voltammograms of 1.25 mM Ru(NH3)6
3+
 + 1.4 mM FcTMA in 0.5 M KNO3 
aqueous solution (A) at microelectrodes with a = 0.012, 0.85, 1.7 and 2.1 m for v = 10 mV 
s
-1










    Figure 4(B) shows fast scan voltammograms at the large electrode (1.6 mm in 
diameter). The voltammetric peaks correspond to the steady-state waves in Fig. 4(A). 
The peak potentials of both Ru(NH3)6
3+
 and FcTMA did not vary with the scan rates. 
The peak currents, Ip, were approximately proportional to the square-roots of the scan 
rates, but were slightly larger than the proportional line at high scan rates for both 
Ru(NH3)6
3+
 and FcTMA, as is shown in Fig. 6(e) and (f). The enhancement may not be 
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Figure 6. Plot of the peak currents at the 
large electrode against v
1/2
 for (a) FcA, 
(b) ferrocene, (c) the first wave of 
TCNQ, (d) IrCl6
2-
, (e) FcTMA, and (f) 
Ru(NH3)
3+
. The first three were obtained 
in acetonitrile, whereas the last three 
were in aqueous solutions. 
 
Figure 5. Dependence of the ratios of the 
limiting current of species X to that of 
reference species (ferrocene or FcTMA), 
IX / Iref, on the radii of microelectrodes, 
where the radii were evaluated from IFc or 






(open circles) the first wave of TCNQ, 
(filled circles) the second wave of TCNQ, 
and (open triangles) FcA. 
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ascribed to the Faradaic currents but may be caused by the electric double layer 







    Figure 7(A) shows voltammograms in aqueous solutions of IrCl6
2-
 and FcTMA, 
both of which were observed in different cells. The reduction currents are of IrCl6
2-
 and 
the oxidation ones are of FcTMA. A microelectrode used for IrCl6
2-
 voltammetry was 
rinsed and then soon was employed for FcTMA voltammetry. Therefore the 
voltammograms in Fig. 7 can be regarded as the waves hypothetically obtained in 
mixed solution of IrCl6
2-
 and FcTMA. When the two species were mixed, the 
spontaneous reaction, IrCl6
2-




, occurred. The 
voltammogram of the mixture exhibited two waves, but were broader than as predicted. 





5(squares) shows the plot of the ratio, |IIr|/IFcTMA, against the radii which were evaluated 
from the limiting currents of FcTMA. The invariance to the radii suggests no 
Figure 7. Voltammograms of 2.0 mM IrCl6
2-
 and 2.2 mM FcTMA in 0.2 M KCl aqueous 
solution (A) at microelectrodes with a = 0.055, 0.38, 0.73 and 1.9 m, and (B) at the large 
electrode for v = 0.1, 1, 3, 5, 7 and 10 V s
-1
 in different cells. 
 































complication by adsorption.  
    Figure 7(B) shows fast scan voltammograms of IrCl6
3-
 at the large electrode. The 
peak potentials were shifted slightly with the scan rates. The peak currents deviated 
upward from the proportionality line of Ip vs. v
1/2
 plot (in Fig. 6(d)), as is similar to 
Ru(NH3)6
3+
 and FcTMA. 
 
Voltammograms of TCNQ 
 
    Figure 8(A) shows voltammograms of TCNQ + ferrocene in the acetonitrile 
solution. The wave with a halfwave potential at 0.10 V is due to oxidation of ferrocene. 
TCNQ showed two reduction waves at -0.10 V and -0.66 V for the formation of anion 
and the dianion radicals, respectively. The steady state was established enough for 
iterative scans. The limiting current of the second anodic wave was twice that of the 
first one. The ratios of the first limiting currents and the difference of the second current 
from the first one to that of ferrocene were plotted against the radii of the electrode in 
Fig. 5 (circles). They were independent of the radii. Therefore no adsorption layer was 
Figure 8. Voltammograms of 0.91 mM TCNQ + 0.99 mM ferrocene in 0.2 M TBAPF6 
acetonitrile solution (A) at microelectrodes with a = 0.024, 0.12, 0.24 and 8.9 m and (B) at the 
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formed at high current density.  
    Figure 8(B) shows fast scan voltammograms of TCNQ + ferrocene. Three peaks 
correspond clearly to the three steady-state voltammograms in Fig. 8(A). The peak 
potential differences for the three reactions increased with an increase in the scan rates. 
The potential shift may suggest contribution of heterogeneous kinetics and/or solution 
resistance. The contribution should generally make the plot of Ip vs. v
1/2
 deviate lower 
from the proportionality at high scan rates, associated with the peak potential shift. 
However, the Ip vs. v
1/2
 plot in Fig. 6(c) exhibits the well-defined proportionality. The 
inconsistency between the potential shift and the proportionality will be explained in 
terms of capacitive currents by potential scans in Section 3.3. 
 
Voltammograms of ferrocenecarboxyle acid 
 
   Figure 9(A) shows voltammograms of ferrocenecarboxylic acid (FcA) and ferrocene 
in acetonitrile. Since the both species are in the reduced form, the voltammograms are 
composed of a sum of the oxidation wave of ferrocene at 0.10 V and that of FcA at 0.31 
V. They were stable for iterative scans. The ratio of the current of FcA to that of 
ferrocene did not vary with the radii, as shown in Fig. 5 (open triangles). Consequently 
there is no complication by adsorption.  
Figure 9. Voltammograms of 1.53 mM FcA + 0.39 mM ferrocene in 0.2 M TBAPF6 
acetonitrile solution (A) at microelectrodes with a = 0.055, 0.16, 0.24 and 6.0 m and (B) at the 
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    Fast scan voltammograms of FcA (Fig 9(B)) show two oxidation peaks, as 
predicted. The peak potential shifted with an increase in the scan rates so that the 
corresponding peaks were separated. The Ip vs. v
1/2
 plot exhibited well-defined 




    The halfwave potentials of 
the steady-state waves of the 
six species are plotted against 
log(a) in Fig. 10. Here, points 
of Eh for FcTMA, the second 
wave of TCNQ, and FcA were 
displaced by given values so 
that the they lay within the 
scale of the graph. The 
halfwave potentials for each 
species were invariant to the 
radii. Therefore no kinetic effect 
of the heterogeneous reactions 
can be recognized for the six 
species. The theoretical 
variation of the halfwave 
potential for the oxidation at  
= 0.5 can be obtained by setting I/IL to be 1/2 in Eq. (3), i.e. 
     
or 
Figure 10. Dependence of halfwave potentials of (open 
squares) FcTMA with -0.4 V gain in the plot, (filled 
circles) Ru(NH3)6
3+
, (open squares) IrCl6
2-
,  (filled 
squares) ferrocene, (open triangles) first wave of TCNQ, 
(filled triangles) second wave of TCNQ with 0.6 V gain, 
and (open circles) FcA with -0.25 gain on the radii of 
electrodes. Curves were calculated from Eq. (10) at  = 



































                              (10) 
 
Variations of the halfwave potential with log(a) are drawn in Fig. 10 for k
o
 = 0.01, 0.1, 
1.0, and 10.0 cm s
-1








 = -0.10 V. With a decrease in the radius, 
the halfwave potential is shifted in the positive direction gradually, and increases 
linearly with log(a). This variation cannot be found in the experimental data even for 2a 
= 4 nm. The experimental variations are flatter than curve (d) for k
o
 = 10 cm s
-1
. 
Therefore the six species should have k
o
 values larger than 10 cm s
-1
. This estimation 
agrees with Amemiya's result [21], but is not consistent with the values of k
o
 determined 
by the other researchers in fast scan voltammetry [77-13]. It is not consistent with our 
data of fast scan voltammetry, either, in that the peak potentials shifted with an increase 
in v. 
    Here we analyze the peak 
potentials in detail. Figure 11 
shows plot of the anodic and the 
cathodic peak potentials against 
log(v) for ferrocene and the first 
and the second wave of TCNQ. 
The difference in Ep of the pair 
peaks at v = 0.1 V s
-1
 was ca. 70 
mV, being common to the three 
pairs. The difference increased 
with an increase in the scan rates. 
A potential shift caused by the 
totally irreversible reaction should 
be  2.3RT/F, according to Eq. 
Figure 11. Scan rate dependence of the peak potentials 
of (squares) ferrocene, (triangles) the first wave of 
TCNQ, and (circles) the first wave of TCNQ with 0.35 
V gain in the plot. The solid curves were computed by 









 = 0.017 cm s
-1
. Lines (a) have 
slopes of 0.12 V (=  2.3RT/0.5F). Dashed curves are 
connecting lines of points. 
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(5), which is displayed as two lines (a) in Fig. 11 for  = 0.5. Since the experimental 
values show slopes smaller than 2.3RT/F, three reactions may belong to the 
quasi-reversible kinetics. We attempted to fit the variations in Fig. 11 by numerically 
solving the integral equation [43] for various values of k
o
. The simulated plots are 
shown for the first wave of TCNQ as two solid curves in Fig. 11 for k
o
 = 0.017 cm s
-1
 at 
 = 0.5. Good agreement was obtained. If two largest points in the figure are removed 
for curve fitting, the k
o
 value is close to 0.1 cm s
-1
. Consequently, the agreement 
includes ambiguity. Unfortunately, the apparent agreement is inconsistent largely with 
k
o
 > 10 cm s
-1 
which was estimated from the variations of the halfwave potentials vs. 
radii in Fig. 10. 
    The inconsistency can be seen through the graph in Fig. 2. The results by the fast 
scan voltammetry showed Ep-E
o
 = 70-80 mV, which corresponds to Eh-E
o
 = 20-25 mV 
from Fig. 2. However, the steady-state voltammetry exhibited Eh-E
o
 < 10 mM. The peak 
potential shift by fast scan voltammetry may be complicated with other effects than the 
heterogeneous kinetics. 
    A possible reason of the shift is solution resistance. The solution resistance was 
evaluated by the technique of linear plot Ip vs. Ep in voltammograms, which has been 
developed in viscous solutions [45,46]. Figure 12 shows plots of the anodic and the 
cathodic peaks of (A) TCNQ + ferrocene in the acetonitrile solution and (B) Ru(NH3)6
3+
 
+ FcTMA in the aqueous solution. The plots fell on each line, suggesting a contribution 
of solution resistance. Table 1 lists values of the resistance. The potential differences, 
Ep,anode-Ep,cathode, at which |Ip| was extrapolated to zero ranged from 58 to 62 mV for 




 ranged from 65 to 75 
mV. The potential differences are close to the diffusion-controlled value. If the linearity 
is caused by solution resistance, the slope should represent conductance of the solution. 
The anodic and the cathodic slopes for TCNQ, ferrocene and FcA were common in 
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common value in the aqueous solutions. The slope is expected to reveal properties of 
solvent rather than redox species.  
    Ionic conductance should be proportional 
to concentration of salt. Figure 13 shows the 
plot of the conductance, G, (slopes in Fig. 12) 
against concentrations of TBAPF6 obtained for 
ferrocene, TCNQ and FcA. The linearity of the 
plot confirms that the slopes in Fig. 12 should 
represent the conductance. Since the slope in 
Fig. 12(B) of the aqueous solutions (0.2 M 
KCl) was six times larger than that in Fig. 
12(A) of the acetonitrile solutions (0.2 M 
TBAPF6), the ratio of the conductance may be 
six. In order to confirm the contribution of the conductance, we carried out 
ac-impedance for solutions and determined the solution resistances by extrapolating the 
Figure 12. Plots of the peak currents against the peak potentials of (A) (circles) the first peaks 
of TCNQ, (triangles) the second peaks of TCNQ, (squares) ferrocene in 0.2 M TBAPF6 
acetonitrile solution and (B) (circles) FcTMA and (triangles) Ru(NH3)6
3+
 in 0.2 M KCl aqueous 
solution, where values of Ep for TCNQ and FcTMA were shifted by 0.4 V and -0.2 V, 
respectively, for simplifying the representation. 
 











Figure 13. Plot of the conductance 
(slope of lines in Fig. 11(A)) for TCNQ, 
FcA and ferrocene against the 
concentrations of TBAPF6. 
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in-phase component of the Nyquist plot into infinite frequency. The resistance of 0.2 M 
KCl by the ac-impedance was 120 , whereas that of 0.2 M TBAPF6 was 180  in a 
common cell at a common electrode. The ratio (1.3) by the impedance is much smaller 
than the ratio (6.0) in Fig. 12. The resistance for 0.2 M TBAPF6 is read from Fig. 13 to 
be 300 , which is smaller than 180 . Therefore, the slopes include other resistances. 
A possible resistance is a resistance parallel to the electric double layer, which has been 
necessarily observed when voltage applied to double layers is varied with time [47]. 
The resistance parallel to the double layer capacitance is an apparent resistance caused 
by a frequency-dependent capacitance. The ac current flowing from the charge q in the 
capacitance is given by the time-derivative of q, i.e. I = dq/dt = d(CV)/dt = C(dV/dt) + 
V(dC/dt) when ac-voltage V = V0exp(it) is applied to the capacitance, where V0 is the 
ac-amplitude and  is the angular velocity. The first term on the right hand side belongs 
to an out-of phase, ViC, and hence it is a conventional capacitance. In contrast, the 
second term belongs to an in-phase because the capacitance is a function of the time or 
the angular velocity. Then the current can be represented as I = V[iC + (dC/dt)], which 
expresses a series combination of the suceptance and the conductance. This means that 
the equivalent circuit is composed of the parallel combination of the capacitance, C, and 
the resistance, 1/(dC/dt). Therefore the peak potential shift at fast scan voltammetry can 
be ascribed to the unexpected resistances rather than the heterogeneous kinetics. 
    It is interesting to estimate the rate constants from Eslope, as some researchers did. 
Figure 14 shows dependence of Eslope for FcTMA (circles) and ferrocene  (triangle) on 
log(a), exhibiting no variation. The theoretical variations (Eq. (8)) for k
o
 = 1, 0.3 and 0.1 
cm s
-1
 with log(a) are also drawn in Fig. 14. They increase exponentially with a 
decrease in log(a), whereas the experimental values were Eslope(FcTMA) = 109  3 mV 
and Eslope(ferrocene) = 108  0.3 mV, where the errors mean the standard deviations. 
Therefore the slopes do not show properties of the electrode kinetics. Features of the 
variations common to the six redox species are  
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(i) invariance of Eslope to log (a) 
(ii) Eslope larger than the value (102.6 mV) of the Nernst response 
All the experimental results are inconsistent with the theoretical prediction. Therefore 
the slope is not a suitable use for evaluating the charge transfer kinetics, but behaves as 
if there were a kind of resistance of Eslope - 102.6 mM. The large scatter is not simply 









 are larger than 10 cm s
-1
, according to the invariance 
of halfwave potentials of the steady-state voltammograms to radii of the 
microelectrodes. Slopes of the current-potential curves contain so large errors that the 
rate constants cannot be evaluated. In other word, they are not evaluated unequivocally. 
This conclusion is inconsistent with results reported so far by fast scan voltammetry, ac 















Figure 14. Variations of Eslope with log(a) for (triangles) ferrocene and (circles) FcTMA, where filled 
and open marks are, respectively, for the forward and the backward scans. Curves are theoretical 
ones calculated from Eq. (8) for k
o
 = (a) 1, (b) 0.3, and (c) 0.1 cm s
-1
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impedance techniques and pulse methods. Fast scan voltammetry does not provide 
unequivocal rate constants, either, because it causes peak potential shift not only by 
solution resistance but also by the resistance relevant to electric double layers. 
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Chapter 5                                              
Blocking of two-electron reduction of non-charged species in the 
absence of supporting electrolyte at nanoelectrodes 
5.1. Aim 
    Interpretation of Faradaic currents at low concentration of electrolyte is a classical 
subject [1-3]. It has revived since currents of 1 nano-ampere order at microelectrodes 
have provided negligible amount of IR-drop of solution resistance without deliberately 
adding supporting electrolyte [ 4 - 11 ]. Theoretical work on voltammetry in low 
concentration of supporting electrolyte has been developed for various combinations of 
charge numbers of redox species and supporting electrolyte [12-21]. The experimental 
results and the theory on the electric migration have been reviewed in the context of 
microelectrode techniques [22,23]. The subject of low concentrations of electrolyte can 
result conceptually not only in the IR-drop by solution resistance but also in the mass 
transport problem complicated by the electric field [12,15]. The former is relevant to the 
potential distribution in a cell which varies mainly with geometry of a cell and 
electrodes, specifically with a distance between a working electrode and a counter 
electrode. The solution resistance can be expressed by the Laplace equation or 
accurately the Poisson equation [24]. In contrast, the latter is relevant to the mass 
transport in diffusion layer, which is represented by the Nernst-Planck equation [25] 
composed of fluxes by diffusion and the electric field.  
    The lower the concentration of supporting electrolyte, the more electrostatically a 
redox ion interacts with the electrolyte. The interaction lets the redox ion generate 
complex-like species with salts, exemplified by labile species of lead, cadmium and 
mercury ions [26,27]. This effect cannot be elucidated by the Nernst-Planck equation, 
because it belongs to molecularly scaled behavior rather than the macroscopically 
continuum model by the Nernst-Planck equation. Steady-state currents [28] and cyclic 
voltammograms [29] including the complexation have been numerically obtained on the 
assumption of complexation with definite stoichiometry. The numerical results have 
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been applied to thiocyanate complexes of mercury in the absence of supporting 
electrolyte [30]. The complex-like species has been generated unintentionally with inert 
salts present as impurities or with dissociation of the solvent, as for instance OH
-
 in 
aqueous solution [26]. The complexation may be readily formed in dianions or dications 
rather monomeric ions. 
    The prototypical species that forms dianions is tetracyanoquinodimethane (TCNQ), 
which exhibits the two-step consecutive reduction [10,11,31,32]. The second reduction 
wave was quite sensitive to electrolyte concentration [10,32]. The 
concentration-dependence has been ascribed to the homogeneous bimolecular reaction 
(comproportionation) of the neutral species with the dianion [33], as has often been 
considered for ion-exchange reactions [11,31,34-38]. It has been demonstrated, however, 
the comproportionation has any effect on the voltammograms only when there are 
difference in values of diffusion coefficients of the reactant, the anion radical and the 
cation [10,31]. Difference among them for TCNQ is not so large as to exhibit strong 
concentration-dependence of electrolyte [ 39 ]. If solution contains no ion, 
comproportionation may vary voltammograms complicatedly owing to difference in 
migration forces of the mono-anion and the dianion of TCNQ. Before considering this 
complication, it is necessary to consider in details the effects of the IR-drop, the electric 
field and the complexation on the voltammograms. The other explanation of the 
concentration-dependence is formation of the complex of the radical anion with cation 
of electrolyte, of which formation rate determines the current [32]. 
    Voltammetry of non-charged species in the absence of electrolytes should show 
ohmic current-voltage lines because of the absence of any electric carrier in solution 
[17,40]. Voltammograms of non-charged species such as dioxygen [41], hydrogen gas 
[ 42 ], TCNQ [10,11], ferrocene [16, 43 , 44 ], tetrathiafulvalene [10] and copper 
diethyldithiocarbamate [45], however, have shown clear enough shapes to identify the 
species or analyze the current-voltage curves. These voltammograms must be supported 
by ionic impurity included in solvents, redox species, water, or dissociated carbon 
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dioxide. This report, first of all, deals with searching size of microelectrodes on which 
voltammograms of non-charged redox species can be obtained without potential shift in 
electrolyte-free solution. The size effect including both the IR-drop and the electrostatic 
force is examined by use of the first reduction waves of TCNQ and 1,4-benzoquinone 
(BQ). The result is applied to microelectrode voltammetry of TCNQ and BQ under the 
thus obtained conditions. The voltammograms are compared with the theoretical 
voltammograms including IR-drop and the electric field effect. The complexation with 
salt will be described to be responsible for appearance of the second reduction wave, 
depending on electrolyte concentrations. 
 
5.2. Results and discussion 
 
5.2.1 Microelectrodes with negligible IR-drop 
    A reference electrode is usually a main source of unwanted ions in an electrolytic 
cell [22]. In order to estimate ionic 
contamination from a reference electrode, 
we immersed the Ag|AgCl (saturated KCl) 
electrode into 70 cm
3
 deionized water, 
monitoring the conductivity of the 
solution during bubbling nitrogen gas. The 
conductivity rose up rapidly at first from 
0.2 S cm-1, and then increased linearly 
with the time, as is shown in Fig. 1 (open 
circles). This increase should be ascribed 
to leakage of KCl from the Ag|AgCl 
electrode. A less contaminating electrode 
is a quasi-reference electrode composed of 
metal and sparing soluble salt or oxide. 
Figure 1. Time-variations of the conductivity 
of aqueous solutions into which reference 
electrodes, (open circles) Ag|AgCl, (triangles) 
Ag|AgxO, and (squares) AgCl coated Ag wire, 
were immersed for a few hours during N2 
bubbling. The conductivity increased even 
without immersion of reference electrodes 
(filled circles). 
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We obtained time-variations (in Fig. 1) of the pure water into which the silver 
oxide-coated silver wire and the silver chloride-coated silver wire were immersed. 
Although the conductivity by these electrodes was much less than that by the Ag|AgCl 
electrode, it still increased with the time. The conductivity increased slightly even 
without inserting an electrode, as shown in Fig. 1 (filled circles). 
    Solution without including ion has theoretically such high resistance that 
current-voltage curves obey the Ohm's law [17,40]. Real solvents without deliberately 
adding electrolyte have, however, detectable conductance because of impurity, 
especially by dissociation of dissolved carbon dioxide or that of water in aprotic 
solvents, as is exemplified in Fig. 1 (filled circles). If current at a microelectrode is so 
small that the ohmic IR-drop may be negligible, voltammetry of non-charged redox 
species can be supported by small conductance of impurity. It is difficult to know a 
priory how small electrodes allow us to obtain acceptable voltammograms. We 
attempted to carry out voltammetry at various sized microelectrodes in dry and 
deaerated acetonitrile solution which included only equi-concentration of ferrocene and 
1,4-benzoquinone (BQ). The voltammetry was made by the two electrode system in 
order to avoid contamination by a reference electrode. The counter electrode was a 
platinum wire. Since the cathodic charge 
by the reduction of BQ at the 
microelectrode can be compensated with 
the oxidation of ferrocene at the counter 
electrode, it is necessary not to take into 
account the reaction overpotential at the 
counter electrode. Examples of the 
voltammograms are shown in Fig. 2, 
where the current in the ordinate was 
divided by the diameters. This plot is 
convenient to display in one graph the 





























Figure 2. Voltammograms of 2 mM ferrocene + 
2 mM BQ of deaerated acetonitrile without 
adding electrolyte at v = 0.01 V s
-1
 at 
microelectrodes with 2a = (a) 0.04, (b) 0.36, (c) 
0.52 and (d) 1.70 m. 













voltammograms deviated by effects of the IR-drop from diffusion-controlled 
voltammograms at various sized electrode. The micrometer-sized electrode (d) showed 
ohmic current-voltage curves. The smaller the electrodes, the more clearly the sigmoidal 
form appeared. 
    It is necessary to examine whether the halfwave potential difference, 0.95 V, 
between ferrocene and BQ in Fig. 2(a) is close to the thermodynamic potential 
difference. The thermodynamic potential difference can be realized approximately by 
the peak potential difference in conventional cyclic voltammograms. Fig. 3 shows 
voltammograms of ferrocene, BQ and 
ferrocene at the 1.6 mm Pt disk 
electrode for v = 0.1 V s
-1
 in the 
solution including electrolyte. BQ and 
TCNQ exhibit the two reduction 
peaks, as in the well-known behavior 
[46,47]. The difference in the peak 
potentials of BQ and ferrocene was 
0.91 V. This is close to the halfwave 
potential difference in Fig. 2(a). 
Therefore the IR-drop in Fig. 2(a) can 
be neglected. 
    We made a criterion of obtaining the maximum electrode diameter below which 
the IR-drop is negligible. We took the maximum current, Imax, and the minimum one, 
Imin, in the voltage domain from -1.2 to 0.6 V. If the IR-drop is neglected, Imax, and Imin 
should be equal to the oxidation and the reduction limiting currents of ferrocene and BQ, 
respectively. Voltammograms drawn out by the IR-drop ought to have Imax smaller than 
the limiting current. Then the amount, (Imax - Imin)/2a, may be smaller than the 
diffusion-controlled limiting current, 4([Fc]]+[BQ])FD, where [Fc] and [BQ] are bulk 
concentrations ferrocene and BQ, respectively, D is the common diffusion coefficient. 
Figure 3. Voltammograms in (a) 1.2 mM BQ + 1 
mM ferrocene + 0.1 M TBAClO4 and (b) 0.9 mM 
TCNQ + 1 mM ferrocene + 0.1 M TBAClO4 of 
acetonitrile solution at the 1.6 mm Pt electrode 
for v = 0.1 V s-1. 
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Figure 4 shows the plot of (Imax - Imin)/2a 
against log(2a) in the solution of 2 mM 
Ferrocene + 2 mM BQ in acetonitrile 
when the potential window was 1.8 V 
(=V). Values of (Imax - Imin)/(2aV) were 
kept constant for a < 0.4 m. The current 
at a = 0.4 m, 1.4 nA, corresponds R = 1.3 
G of the minimum solution resistance. 
This is equivalent to  = 2 k m of the 
resistivity which was obtained by use of R 
= /4a [ 48 ]. It corresponds to the 
conductivity of 3 M KCl solution.  
 
5.2.2 Voltammetry in low concentration of electrolyte 
 
    Fig. 5 shows voltammograms in the acetonitrile solution including ferrocene and 
BQ and that of ferrocene and TCNQ at the 2a = 40 nm electrode without adding 
electrolyte. Since the potential was measured vs. 
the counter electrode, the anodic wave of 
ferrocene including BQ was different from that 
including TCNQ. Wave (a) was re-plotted in Fig. 
5 so that the former was overlapped with the 
latter. The halfwave potential differences 
between ferrocene and BQ and between ferrocene 
and TCNQ in Fig. 5 were almost the same as the 
peak potential differences of the conventional 
voltammograms in Fig, 3. Therefore the 
voltammograms in Fig. 5 has actually no 




























Figure 4. Plot of (Imax - Imin)/aV against 
log(2a) in the solution of 2 mM 
Ferrocene + (circles) 2 mM BQ and 
(triangles) 2 mM TCNQ in acetonitrile 
when the potential window ranging 
from -1.2 to 0.6 V (V = 1.8 V). 











Figure 5. Voltammograms of (a) 2 
mM BQ + 2 mM ferrocene and (b) 2 
mM TCNQ + 2 mM ferrocene in 
acetonitrile without adding electrolyte 
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participation in the IR-drop. The cathodic wave at -3.0 V in Fig. 5 should be the 
reductive decomposition of acetonitrile, because it was observed even in the absence of 
BQ or TCNQ. 
    White et al observed the suppression of the second reduction wave of TCNQ in the 
absence of electrolyte [10,11]. It is predicted that deliberate addition of electrolyte may 
cause the second wave. Figure 6 shows dependence of voltammograms of ferrocene and 
TCNQ on concentrations of TBAClO4. The voltammogram at zero concentration of 
TBAClO4 showed almost the first reduction wave, leaving behind a small rise of the 
second wave near -1.5 V. With an increase in concentrations, the second reduction wave 
appeared and was shifted in the positive direction. The limiting current increased with 
the increase in the concentration. The further potential shift and the further increase in 
the current were not observed for the concentrations higher than 60 mM. The limiting 
current for E < -0.8 V at concentrations over 60 mM was twice as large as that of the 
first wave [31,39]. These variations indicate that the electrolyte should be responsible 
for the formation of TCNQ dianion. Voltammograms of BQ are shown in Fig. 7, 
exhibiting similar variation to Fig. 6 except for potentials. The suppression of the 
second waves for the low concentrations can be understood qualitatively by Born's 
energy, which mentions that formation energy of a dianion is four time larger than that 
of a mono-anion. Born's energy, however, cannot explain the variation of the limiting 
currents or the invariant potential of the first wave. 
    In order to discuss quantitatively the voltammograms, we obtained analytical 
expressions for the steady-state current-voltage curves of a two-step sequential 
reduction composed of A + e
-
  A- and A- + e-  A2- in high resistive solutions at a 
hemispherical electrode a in radius on the assumption of a constant electric field. Since 
the derivation belongs to a mathematical subject, it is described in Appendix. There is 
no other theoretical work on current-voltage curves of the sequential two-electron 
transfer reaction at low concentration of electrolyte, to our knowledge. The 
current-voltage curve is expressed by Eq. (A17) in the dimensionless form, f (= 
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where  is the conductivity of electrolyte solution. This parameter were to be the ratio 
of the conductivity of A
-
 to that of the salt if all the amount of would be reduced to A
-
. 
Here, j is the current density,  is the molar ion conductivity of the redox species, salt is 





 for the first and the second reduction step, respectively.  
5.2.3 Analysis 
 
    Figure 8 shows current-potential curves for several values of h, where the reference 
potential is taken to be at the solution very close to the electrode, i.e. without IR-drop. 
The voltammogram at h = 0 ((a) of Fig. 8), corresponding to high concentrations of 





. The limiting current density of the second wave is twice the first one. 










, the value of 
/m is 0.25 at 25
o
C. Since values of /m do not change largely with kinds of species, 
the ratio, c
*
/csalt, varies mainly h. For h > 10, the first wave shifts to the positive 
direction because a decrease in the concentration of A
-
















Figure 7. Voltammograms of 2 mM BQ 
+ 2 mM ferrocene in acetonitrile 
including (a) 0, (b) 0.5, (c) 2, (d) 10, (e) 
30 and (f) 100 mM TBAClO4 at 2a = 180 
nm electrode for v = 20 mV s
-1
. 
Figure 6. Voltammograms of 2 mM 
TCNQ + 2 mM ferrocene in 
acetonitrile including (a) 0, (b) 0.5, (c) 
1, (d) 2, (e) 5, (f) 10, (g) 30 and (h) 60 
mM TBAClO4 at 2a = 120 nm 
electrode for v = 20 mV s-1 
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lets the potential be shifted positively through the Nernst equation. The limiting current 
density of the first wave is independent of the electric field because of no charge of the 
reactant, in contrast to charged redox species [12-21]. The second wave has less 
influence of the potential shift than the first one, especially for h > 10. The limiting 
current density of the second wave is ja/c
*
Da = -2, independent of the electric field. 
This (f  -2) can be proved mathematically by taking E to be - in Eq. (A17). Since the 
second step occurs by diffusion of A
-
, the limiting current seems to be influenced by 
concentrations of electrolyte [12-21]. Nevertheless, it has to be originated by diffusion 
of A, and hence the second limiting current is twice the first one.  
    The above discussion was directed only to the electric field effect but did not 
include IR-drop, because the reference potential was taken to be at the solution near the 
electrode. Real voltammograms contain the solution resistance, ja/ (see the end of 
Appendix), and is expressed by Eq. (A22). Figure 9 shows voltammograms including 
the IR-drop for the same values of the parameters in Fig. 8. With an increase in h, the 
waves are drawn out in the direction of the negative potential. Since a degree of the 
drawn-out wave is approximately linear to the current density, the second wave should 





















Figure 8. Electric migrational 
components of voltammograms 
calculated from Eq. (A17) for /m = 
0.25 at csalt /c*= (a) 100, (b) 0.33, (c) 0.1, 

















Figure 9. Voltammograms 
including both the electric 
migration and the IR-drop 
calculated from Eq. (A22) for /m = 
0.25 at csalt /c*= (a) 100, (b) 0.33, (c) 
0.1, (d) 0.025 and (e) 0.0125. 
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wave and the second one were evaluated for various values of h, and are plotted, 
respectively, in Fig. 10(a) and (b) against csalt/c
*
 at /salt = 0.25. The 10 mV shift of the 
first wave occurs for csalt/c
*
 > 0.2, whereas that of the second one does for csalt/c
*
 > 0.6.  
    The experimental halfwave potentials for the first waves of both BQ and TCNQ 
were not shifted with concentrations of the supporting electrolyte (Fig. 6 and 7). This 
behavior is in accord with the theoretical variation in Fig. 10(a). We plotted the 
halfwave potentials of the second wave of BQ and TCNQ against csalt/c
*
 in Fig. 10. 
They showed the linear relation with log(csalt/c
*
), which is different from the theoretical 
one in Fig. 10(b). The slopes at low concentration domains are 0.180.03 V and 
0.400.05 V for BQ and TCNQ, respectively, as shown in the lines in Fig. 10. The 
values of the slopes are equivalent to the association of 3 and 7 cations (TBA
+
) of the 
electrolyte. In contrast, the slopes at high concentrations are 0.06 V, which corresponds 
to the association of one cation. Then the second reductions can be regarded as a series 
of weak association with the cations, as follows  
BQ
-




  BQ2-...(TBA+)n       (1 < n < 3)      (3) 
TCNQ
-




  TCNQ2-... (TBA+)m  (1 < m < 7)    (4) 


















Figure 10. Variations of the theoretical halfwave potentials of (a) the first and (b) the second 
waves calculated from Eq. (A17) with log(csalt /c
*
), where potential values were intentionally 
shifted by (a) -0.5 V and (b) -1.5 V in order to avoid graphical overlap. Experimental halfwave 
potentials for the second wave of (triangles) 2 mM BQ and (circles) 2 mM TCNQ are plotted 
against log(csalt /c
*
). The two kinds of lines were drawn for low and high concentrations of the 
salt. 



























where the mark "
...
" means the association of the cations in the ionic atmosphere rather 
than a stoichiometric species. 
    Reactions (3) and (4) can be separated into a chemical (C) reaction and an electron 
(E) transfer reaction: 
BQ
-
 + n TBA
+







  BQ2-... (TBA+)n                    (3E) 
TCNQ
-
 + m TBA
+







  TCNQ2-... (TBA+)m              (4E) 





)n] becomes low. As a result, the current in (3E) may be smaller than 
the reduction current of BQ + e
-
  BQ-. This prediction calls forth the plot of the 
currents of the second reduction wave, IL2, against the concentration of the salt, as is 
shown in Fig. 11. The currents increase with an increase in the concentration for csalt < 5 
mM, and then reach the same values as the current at the first reduction currents for csalt 
> 30 mM. The variation accords qualitatively with the prediction.  
    We analyze here quantitatively the dependence of IL2 at n = 1 (csalt/c
*
 > 3 mM) on 








)] = kIL2, 
Figure 11. Plot of the currents of the 
second reduction wave of (triangles) 
BQ and (circles) TCNQ against csalt 
under the same conditions as in Fig. 
10. 
Figure 12. Variation of the inverse 
current with the inverse concentration 
of the salt under the same conditions as 
in Fig. 10. 
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according to Eq. (3E), for a constant k. Then, the equilibrium constant of reaction (3C) 
is given by 




 means concentration of BQ. For high concentrations so that csalt > kIL2, Eq. (5) 
is approximately rewritten as 
 
                              (6) 
Figure 12 shows the inverse plots of IL2 and csalt, indicating a linear relation in accord 
with Eq. (6). The variations in Fig. 10 and 12 support the reaction mechanisms 
(3C)-(4E) of the second waves. The complexes with the cations in reaction (3) and (4) 
cannot be detected in high concentration of the supporting electrolytes, but are observed 
at the electrolytes at nanoelectrodes only in low concentrations of supporting 
electrolytes. 
    The cationic impurity may cause the complexation of Eq. (3C) and (4C). The ionic 
concentration of impurity estimated from the first reduction wave was 3 M (in Fig. 4) 
if the ion is KCl. This concentration corresponds to less than 1 M for hydrogen ion by 
considering the difference in the diffusion coefficients. Voltammograms in Fig. 6 shows 
that concentrations over 0.5 mM are responsible for the appearance of the second wave. 
The impurity of 0.001 mM hydrogen ion is too low to participate in the complexation in 
Eq. (3C) and (4C). Therefore cations involved in the impurity have no effect on the 
second wave. 
    We compare our conclusion of the second wave with the reported mechanisms 
which are the complexation of the dianion with the salt cation [32] and the 
comproportionation complicated by electrostatic force [10,11]. The results reported 
previously are similar to our result in the context of the participation in the chemical 
complications. A feature of our strategy is to examine effects of the IR-drop and 
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voltammograms. The experimental conditions, especially of impurity of salt 
concentrations, were controlled by selecting size of microelectrodes and without any 
reference electrode which would leak salt into the solution. The difference in 





    When diameters of electrodes are less than 0.4 m, steady-state currents of 
non-charged species can be obtained without addition of salt in dry acetonitrile. Then, 
BQ and TCNQ exhibit one reduction wave with the one electron transfer, although 
those in salt solution show two successive waves. Formation of the dianions in the 
absence of electrolyte requires the overpotential which is larger than the reduction 
potential of acetonitrile. The large overpotential cannot be explained in terms of the 
electric field effect or solution resistance. 
    The second reduction wave appears in the electrolyte-added solution, associated 
with the potential shift. The concentration of the salt does not influence the first 
reduction waves but varies the second one. The Nernst-Planck equation should cause 
theoretically the equi-potential shift of both the first wave and the second one. Therefore 
the influence of the electrolyte concentration only on the second wave can be ascribed 
to chemical or electrostatic interaction of the redox anion with the salt cation. The ionic 




    Our reaction model is a two-step sequential reduction composed of A + e
-





  A2-, of which standard potentials are at E1 and E2, respectively. We use 
the following five assumptions: 













































(i) Both reactions obey the Nernst equation; 
(ii) The three species have a common value of the diffusion coefficient, D; 
(iii) The reactions occur at the hemi-spherical electrode a in radius; 
(iv) Mass transport is controlled by both diffusion and electric migration; and 
(v) Potential distribution in solution obeys the Laplace equation. 
The potential distribution should be expressed accurately by the Poisson equation rather 
than the Laplace equation. Since concentrations of 1:1 electrolyte in our conditions are 
of the order of 1 mM (Fig. 6 and 7), the Debye length is smaller than 10 nm. This is 
smaller than the thickness of diffusion layer or diameters of our electrodes. Therefore 
we can replace the Poisson equation by the Laplace equation. 




 as J0, J1 and J2, which are caused by 
diffusion and electric fields. The fluxes are expressed by the Nernst-Planck equation in 
the angular symmetric spherical coordinate: 
                             (A1) 
 
                             (A2) 
 
                             (A3) 
 
where cj is the concentration of A
i-
 (i = 0, 1, 2), and  is the inner potential in the 
solution phase. The steady-state condition combined with the equation of continuum, 
cj/t + (r
2
Ji)/r = 0, makes r
2
Ji constant, or 
Ji = -Dki /r
2
                                            (A4) 





d/dr)/dr) = 0) is given by 
                                        (A5) 
 
for a constant, B. Inserting Eq. (A4) and (A5) into Eq. (A1)-(A3) yields 
2d/d  Brr
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         (A6) 
Solutions of ci in Eq. (A6) under conditions, c0  c
*
, c1  0, c2  0 for r  , are 
given by 
 
         (A7) 
 
    The sum of the fluxes of A
i-
 for i = 0, 1, 2 at the electrode (r = a) should be zero 
because of no adsorption. The sum of Eq. (A4) yields 
                                       (A8) 
 
The current density is expressed by a sum of -iF(Ji)r=a, and hence is given by 
                  
(A9) 
where the right hand side was obtained by use of Eq. (A8). On the other hands, the 
Ohm's law in the solution with the conductivity, , into which Eq. (A5) is inserted is 
given by 
 
                             (A10) 
Eliminating B from Eq. (A7) by use of Eq. (A10), and taking r to be a, we have 
expressions for concentrations at the electrode surface 
 
 (A11) 
Here, f is the dimensionless current density 
                                          (A12) 
 













































































                                       (A13) 
F
2
D/RT means the molar ion conductivity, 1, of 1 M A1 [50]. When  is represented by 
the product of the molar conductivity of salt, salt, and concentration of salt, csalt, Eq. 
(A13) is rewritten as 
                         (A14) 
 
Therefore, h stands for the ratio of the conductance of A1 to the salt. 
    Inserting the surface concentrations (Eq. (A11)) into the Nernst equations for the 
first and the second reductions, we obtain, respectively 
 
                          (A15) 
 
                          (A16) 
 
Eliminating k2 in Eq.(A16) by use of k2 = -k0-k1 (Eq. (A8)), expressing k1 in Eq. (A15) 
and (A16) as j and k0 by use of Eq. (A9), and eliminating k0, we obtain via complicated 
calculation 
                         (A17) 
 
    Our aim is to obtain current-voltage curves, of which dimensionless form is f vs. 1 
for parameters of h and E2-E1. Since Eq. (A17) is not a closed form of f, iterative 
numerical computations are required. One of them is the Newton-Raphson method. It 
allowed us to evaluate f for 1 < 0. The other method is iterative computation, which can 
be made after Eq.(A17) is written as 
 
                (A18) 
 
A value of the right hand side can be calculated from an initial value (-0.1) of f. Thus 
  salt*saltsaltsalt* /// ccΛcΛch  
Chapter 5 Two-electron reduction without supporting electrolyte 
67 
   2122 ee1/2e  f
obtained hf value is again inserted into the right hand side. This process is iterated for 1 
> 0 until the values are converged. 
    We have confirmed that Eq. (A17) tended to the conventional equation for the 
sequential two electron transfer reaction when h approaches zero 
 
                             (A19) 
     
This is identical with the current-voltage curves of multiple electron transfer reactions 
[51,52]. 
     The electrode potential in Eq. (A17) refers to the potential in the solution very 
close to the electrode, a. Since the present voltammetry is made in two-electrode cell, 
the reference potential should be the potential at the far distant counter electrode, . 
Therefore the observed voltage is given by 
                                        (A20) 
 
Integrating Eq. (A5) yields 
 
 
By the boundary condition, we have B = a(a - ), which is equal to -ja
2
/ from Eq. 
(A10). Then 
                                   (A21) 
 
Eliminating a from Eq. (A20) and (A21), we have 
 
                            (A22) 
The voltage really obtained is the subtraction of hf from 1. Eq. (A21) mentions that 
(RT/F)hf  is the solution resistance, which is equal to ja/. 
 
 aEV
  rB /
hfFRTa )/( 
hfFRTEEEV oo )/(11 
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Chapter 6                                              
Conclusion 
    Reproducible fabrication of a number of nano-electrodes has been realized by the 
six steps: 
(i) sharpening in 3 M CaCl2 ethanol|water solution (1:5 ratio) by electrochemical 
etching 
(ii) sealing the Pt wire in glass sheath 
(iii) grinding the glass-sealed tip until the glass film became 0.1 mm thickness 
(iv) polishing the tip while monitoring the ac current for txps < 6 s 
(v) dissolution of glass film in HF for tHF  4 min 
(vi) stabilization by heating at 85
o
C for 10 h 
Although the polishing period for txps < 6 s was predicted to be a predominant 
size-determining variable, it included artificial manipulation. Step (iv) generated such a 
glass thin film as to be dissolved slowly with HF. The actual exposure was realized by 
step (v). Although combination of steps (iv) and (v) failed to control diameters of the 
electrodes, electrodes with 2a < 1 m were able to be fabricated at success rate 76 %. 
Consequently, we could obtain a number of nano-electrodes. 
    We described a kinetic correspondence between radii of microelectrodes and scan 
rates of fast voltammetry. The charge transfer reaction rate constants of ferrocene, 




 are larger than 10 cm s
-1
, 
according to the invariance of halfwave potentials of the steady-state voltammograms to 
radii of the microelectrodes. Slopes of the current-potential curves contain so large 
errors that the rate constants cannot be evaluated. In other word, they are not evaluated 
unequivocally. This conclusion is inconsistent with results reported so far by fast scan 
voltammetry, ac impedance techniques and pulse methods. Fast scan voltammetry does 
not provide unequivocal rate constants, either, because it causes peak potential shift not 
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only by solution resistance but also by the resistance relevant to electric double layers. 
    Voltammetry of non-charged species in the absence of electrolytes shows in this 
thesis. We found size of microelectrodes on which voltammograms of non-charged 
redox species can be obtained without potential shift in electrolyte-free solution. When 
diameters of electrodes are less than 0.4 m, steady-state currents of non-charged 
species can be obtained without addition of salt in dry acetonitrile. Then, BQ and 
TCNQ exhibit one reduction wave with the one electron transfer, although those in salt 
solution show two successive waves. Formation of the dianions in the absence of 
electrolyte requires the overpotential which is larger than the reduction potential of 
acetonitrile. The large overpotential cannot be explained in terms of the electric field 
effect or solution resistance. 
    The second reduction wave appears in the electrolyte-added solution, associated 
with the potential shift. The concentration of the salt does not influence the first 
reduction waves but varies the second one. The Nernst-Planck equation should cause 
theoretically the equi-potential shift of both the first wave and the second one. Therefore 
the influence of the electrolyte concentration only on the second wave can be ascribed 
to chemical or electrostatic interaction of the redox anion with the salt cation. The ionic 
association like reactions: 
BQ
-




  BQ2-...(TBA+)n       (1 < n < 3) 
TCNQ
-




  TCNQ2-... (TBA+)m  (1 < m < 7) 
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